b s t r a c t
The migraine headache involves activation and central sensitization of the trigeminovascular pain pathway. The migraine aura is likely due to cortical spreading depression (CSD), a propagating wave of brief neuronal depolarization followed by prolonged inhibition. The precise link between CSD and headache remains controversial. Our objectives were to study the effect of CSD on neuronal activation in the periaqueductal grey matter (PAG), an area known to control pain and autonomic functions, and to be involved in migraine pathogenesis. Fos-immunoreactive nuclei were counted in rostral PAG and Edinger-Westphal nuclei (PAG-EWn bregma −6.5 mm), and caudal PAG (bregma −8 mm) of 17 adult male Sprague-Dawley rats after KCl-induced CSD under chloral hydrate anesthesia. Being part of a pharmacological study, six animals had received, for the preceding 4 weeks daily, intraperitoneal (IP) injections of lamotrigine (15 mg/kg), six others had been treated with saline, while five sham-operated animals served as controls. We found that the number of Fos-immunoreactive nuclei in the PAG decreased after CSD provocation. There was no difference between lamotrigine-and saline-treated animals. The number of CSDs correlated negatively with Fos-immunoreactive counts. CSD-linked inhibition of neuronal activity in the PAG might play a role in central sensitization during migraine attacks and contribute to a better understanding of the link between the aura and the headache. © 2014 Published by Elsevier Ireland Ltd.
Introduction

35
In about 20% of subjects, the migraine headache is preceded 36 by neurological aura symptoms [42] . Cortical spreading depression
37
(CSD) is thought to be the underlying mechanism of the migraine 38 aura [19] . The migraine headache involves activation and central 39 sensitization of the trigeminovascular pain pathway. The precise 40 link between CSD and headache remains controversial [18] , as does 41 the possibility that CSD-like events may also occur during attacks 42 of migraine without aura [49] .
43
In rat CSD can activate second order trigeminovascular projec-44 tions of the spinal trigeminal nucleus [23] and provoke behavioral 45 changes comparable to those seen during the migraine attack [2] . 46 Migraine [4] .
59
The PAG is a pivotal component of the descending pain 60 inhibitory system but also of emotional behavior and autonomic 61 control [5] . It receives afferents from the cortex [46] , where CSD 62 occurs [19] , and projects to hypothalamus [46] , and raphe nuclei 63 [5] Seventeen adult male Sprague-Dawley rats were randomly cho-77 sen among those used in a previously published study on the effect 78 of preventive anti-migraine drugs on CSD [7] . The animals weighed 79 between 300 g and 480 g on the day of recordings. All animals were 80 separated randomly onto three experimental groups during the 81 therapeutic study [7] . Five rats were sham-operated and received were placed in a stereotaxic frame (David Kopf Instruments, USA).
97
Three 1-2 mm wide burr holes were drilled 2 mm off the midline: 
CSD provocation and recordings
104
The detailed stimulation and recording procedures were 105 described previously [7] . Briefly, after surgery that lasted 106 30-40 min, in all animals except in the sham-operated group, we 107 induced CSD with a cotton ball soaked with 1 M KCl placed over 108 the occipital cortex (AP-7, R + 2). The cotton ball was kept moist by 109 adding every 20 min a 1.5 l drop of KCl and left in place for 2 h. For 110 sham-operated animals the cotton ball was soaked with artificial 111 CSF. CSDs and the electrocorticogram (DC-100 Hz) were recorded 112 ipsilaterally from two cortical areas: frontal (bregma AP + 1, R + 2) 113 and anterior occipital (AP-4, R + 2) at a depth of 1 ± 0.2 mm was 114 recorded. Animals were sacrificed immediately after the record-115 ings, i.e., on average 2 h 30 min after induction of the first CSD by Q2 116 an IP nembutal injection (natrium pentobarbital 60 mg/ml:3 ml/kg 117 BW according to the ethical guidelines of the University 118 of Liege). 
Histology
120
Rats were perfusion-fixed with 500 ml 4% paraformaldehyde in 121 phosphate-buffered saline. After cryoprotection (30% sucrose for 122 two days), 30 m transverse serial cryostat sections of the brain 123 were cut and serially collected in 12 wells containing cold PBS. 124 Each well received sections at a 360 m distance throughout the 125 rostro-caudal extent of the brain. Fos expression was assessed using 126 standard immunohistochemistry protocol [8] . Free-floating sec-127 tions after pretreatment were kept overnight at room temperature 128 in anti-c-Fos (Santa Cruz Biotechnology, sc-52-G) primary anti-129 serum at a dilution of 1:1500. The immunocytochemical reaction 130 product was visualized using the Vectastain (Vector Laboratories, 131 Inc., PK-6101) avidin-biotin kit (ABC) with imidazole-intensified 132 3,3 -diaminobenzidine. Running during each staining procedure a 133 series of sections without the primary antiserum served to control 134 specificity of immunoreactivity. 
143
As the PAG comprises different functional segments, we sepa-144 rately quantified Fos expression in ventro-lateral, dorso-lateral, and 145 dorso-medial segments of the rostral PAG area (bregma −6.5 mm). 146 For every image the aqueduct was located; we corrected rotation 147 of sections according to the shape of the aqueduct. The periaque-148 ductal area was then subdivided into six radial segments, as shown 149 in Fig. 1 (top panel) . The number of Fos-Ir particles was estimated 150 separately for each of these four segments. 
Results
168
CSD numbers
169
The results on CSD numbers and propagation were reported 170 and discussed previously [7] and will not be described in detail 171 here. Briefly, in lamotrigine treated group frequencies of pari-172 eto-occipital and frontal CSDs (4.4 ± 3.1 and 1.6 ± 0.8, respectively) 173 were significantly reduced comparatively to saline treated animals 174 (6.7 ± 0.9 and 3.4 ± 0.8, respectively). 
Numbers of Fos-Ir neurons in PAG and EWn
176
There was no difference in Fos-Ir between right and left PAG in 177 any animal group (Fig. 1, bottom panel) . ANOVA showed between-178 group differences for both rostral (p < 0.001) and caudal (p < 0.001) 179 PAG areas. CSD provocation resulted in reduction in the number of 180 Fos-positive cells both in the rostral PAG + EWn area and in the cau-181 dal PAG area in animals treated either with NaCl (respectively, 54% 182 and 61% decrease, p < 0.01) or lamotrigine (respectively, 69% and 183 73% decrease, p < 0.001), as compared to animals that underwent 184 sham craniotomy and anesthesia of equivalent duration (Fig. 2, top 185  panel) . The difference between NaCl-and lamotrigine-treated rats 186 was not significant.
187
When we analyzed counts of Fos-Ir nuclei separately in dorso-188 medial, dorso-lateral, and ventro-lateral segments of the PAG, the 189 between-group differences were similar to those found for the total 190 PAG area ( 
Discussions
213
This study shows that waves of CSDs induced by unilateral KCl 214 application on the occipital cortex result in a reduction of the 215 number of Fos-positive cells in the PAG of anesthetized rats. The 216 reduction is proportional to the number of induced CSDs, and thus, 217 not due to KCl itself; it is not found in sham-operated animals.
218
The neuronal inactivation in PAG is likely due to the CSD-219 induced changes in cortical activity. Whether activation of 220 inhibitory cortical projections to the PAG by the initial depolariza-221 tion associated with CSDs or inactivation of excitatory projections 222 during the subsequent prolonged neuronal inhibition is the culprit 223 cannot be determined here. Given, however, that most known pro-224 jections from cortical areas to the PAG are excitatory [10, 15, 27 ,38] 225 
Table 1
Number of Fos-immunoreactive cells (means ± 95% confidence intervals) in the different segments of the rostral PAG/EWn area at bregma −6.5 mm in sham-operated animals and in animals that had CSDs induced for 2 h after a preventive daily treatment for 1 month with NaCl or lamotrigine (LTG, 15 mg/kg).
Q3
Sham surgery (n = 5) NaCl treatment (n = 6) LTGtreatment (n = 6) ANOVA group effect, p tical Fos activation [6] , can be due to the fact that projections from 229 the cerebral cortex to the PAG are both ipsi-and contra-lateral [15] .
230
We cannot exclude the possibility that subcortical areas in part 231 mediate the CSD-induced reduction of neuronal activity in PAG.
232
CSD can indeed propagate to the amygdala where it significantly 233 augments long-term potentiation [13] . The central nucleus of the 234 amygdala has both excitatory and inhibitory connections with 235 ventro-lateral PAG [11] , an area receiving also projections from 236 the trigeminal nucleus. Freezing induced by CSDs in awake rats 237 has been attributed to synergic amygdala-PAG activity [2] . Another 238 area projecting to PAG is the hypothalamus [5] and CSDs increase 239 Fos expression bilaterally in the magnocellular part of hypothala-240 mic paraventricular nulei while decreasing it in the parvocellular 241 portion [24] . Interestingly, the early premonitory phase of migraine 242 attacks is associated with activation of the hypothalamus in addi-243 tion to midbrain and pons [34] .
244
Our findings are in line with those of Lambert et al, [30] show-245 ing in cat CSDs or flashing light stimulation, both considered to be 246 migraine triggers, reduce the inhibition of second order trigemino-247 vascular neurons induced by PAG stimulation (unpublished results 248 [30]), and inhibit neurons in nucleus raphe magnus [29] .
249
Suppression of PAG also might play a role in the cutaneous allo-250 dynia that frequently accompanies migraine attacks and predicts 251 the mydriasis accompanying certain migraine attacks.
287
We have previously shown that lamotrigine significantly lowers
288
CSD frequency [7] and we expected, therefore, to find more Fos-Ir
289
PAG neurons in lamotrigine-treated than in saline-treated animals. 
